The paper developed a new semianalytical model for multiple-fractured horizontal wells (MFHWs) with stimulated reservoir volume (SRV) in tight oil reservoirs by combining source function theory with boundary element idea. The model is first validated by both analytical and numerical model. Then new type curves are established. Finally, the effects of SRV shape, SRV size, SRV permeability, and parameters of hydraulic fractures are discussed. Results show that SRV has great influence on the pressure response of MFHWs; the parameters of fractures, such as fracture distribution, length, and conductivity, also can affect the transient pressure of MFHWs. One novelty of this model is to consider the nonlinear flow around hydraulic fracture tips. The other novelty is the ability to model the shape of the SRV, production behavior of different fractures, and interfaces. Compared to numerical and analytic methods, this model can not only reduce extensive computing processing but also show high accuracy.
Introduction
With the increasing demand of energy market and great progress of hydraulic fracturing technology, the exploration of unconventional resources such as tight oil, tight gas, and shale gas becomes more and more important [1] [2] [3] [4] [5] . Compared to the conventional hydraulic fracturing and horizontal wells, multiple-fractured horizontal wells technology can form a certain enhanced region with induced fractures near the hydraulic fractures, which changes the flow pattern, reduces the flow resistance, and improves the production of a single well [6, 7] . However, establishing a dynamic analysis model of MFHWs with stimulated reservoir volume (SRV) under such complex geological conditions is difficult. One of the difficulties is that it is hard to describe the degree and shape of the SRV accurately. The other one is that it is difficult to deal with the coupling between the enhanced region and unstimulated region.
Many scholars have done a lot of researches on SRV characterization and its effects on well performance. Various analytical and detailed numerical models have been proposed. Among these models, multilinear models are the most widely used. Ozkan et al. [8, 9] utilized a trilinear flow model to investigate the MFHWs performance in unconventional reservoirs. Brown et al. [10] proposed an analytical trilinear flow model to describe the pressure distribution for a system, where the enhanced region occupies entire spaces near the fractures. Stalgorova and Mattar [11] improved the trilinear flow model by simplifying the SRV into an enhanced region with limited width. Five regions are defined to simulate the SRV and all the flow in these regions is linear. Guo et al. [12] presented an analytical model for the multistage fractured shale reservoir, considering heterogeneity, typical seepage characters, and fluids flow from upper/lower reservoir. The model is similar to five-region-flow model but subdivides the reservoir into seven parts.
Many other researchers try to replace the shape of SRV with other methods. Ketineni and Ertekin [13] generated a composite natural fractured system solution in elliptical flow geometry. The enhanced region is simulated by the elliptical flow model. Like other elliptical studies, the reservoir pressure with a series of Mathieu functions is obtained. The model is complex and cannot describe the geometry of the main fracture. Zhao et al. [14] simplified the model by describing the shape of enhanced region as circle. Ozcan et al. [15] and Wang [16] combined linear flow with fractal theory and provided alternative method to simulate well performance in fractured reservoir. Although the fractal model can well describe the spatial distribution of fractures, it cannot optimize the parameters of hydraulic fracture.
Despite the efforts presented in the literature, all above models are limited by two assumptions. One assumption is that the fluid flow in all regions is linear. In fact, innovative fracturing techniques such as "Simulfrac" and "Zipperfrac" can create an enhanced region with high density network of fractures [17] . The flow in the enhanced region near hydraulic fracture tips may no longer behave like linear flow, but, instead, radial flow. Existing multilinear models become inapplicable. The other deficient assumption is that both the shapes of unstimulated and enhanced region are simplified as circles. In fact, due to the long length of the horizontal wellbore, the shape of enhanced region should be approximately ellipse or rectangle rather than circle.
The object of this paper is to establish a semianalytical model for MFHWs with SRV in tight reservoirs. To overcome the limitations, this study combines the point source/sink theory with boundary element idea to solve the seepage flow. The reservoir is divided into several subsystems. The subsystems in the enhanced region are modeled by WarrenRoot [18] dual-porosity model. The fluid flow near the fracture tips includes both linear flow and radial flow. The transient pressure responses of MFHWs with considering the effect of SRV are investigated and the influence of relevant parameters on type curves is also analyzed.
Methodology

Physical Model and Assumptions.
The schematic diagram for a MFHW in a tight oil reservoir is shown in Figure 1 . Propagation of fractures can create branch patterns [19] . Fracture branching creates a stimulated reservoir volume around each artificial hydraulic fracture, which can be modeled by introducing a region of higher permeability. According to the reservoir physical conditions, the whole reservoir is subdivided into inner and outer regions. The inner region is composed of matrix, natural fractures, and induced fractures, which can be simulated by Warren-Root [18] dual-porosity model. The outer region is an unstimulated homogeneous media which is not influenced by hydraulic fractures. The basic assumptions of the model are as follows:
(1) The MFHW is located in the center of a rectangular tight oil reservoir with impermeable outer boundaries and produces at a constant rate . artificial hydraulic fractures distribute evenly along the horizontal wellbore.
(2) The thickness of reservoir is ℎ and uniform initial pressure is .
(3) The formation is fully penetrated by the artificial hydraulic fractures.
(4) Isothermal single phase fluid flow is assumed.
(5) The influence of gravity and capillary forces on fluid flow in both regions is ignored. source/sink theory with boundary element idea. The whole reservoir is subdivided into 12 discrete blocks based on the reservoir properties. Due to the fully penetration of the fractures, the issue can be studied in two dimensions ( Figure 2 ). For convenience, the solutions of this model are founded on dimensionless variables. These dimensionless parameters are defined as follows: (1) sources/sinks in a reservoir produce simultaneously, the dimensionless pressure drop at any location ( , ) in the reservoir is equal to the sum of the dimensionless pressure drop caused by every single sources/sink [6] . Since the flux of each source/sink is a function of time, according to the Duhamel convolution, the pressure distribution in Laplace transform domain can be expressed as
Mathematical Model and Solution
Due to the full penetration of the fractures, both the source functions for hydraulic fractures and interface segments are line source function. , = (hydraulic fracture) and = (interface segment), can be expressed as follows [20] :
wherẽ=
is the half length of the th source/sink for the inner/outer boundary; is for homogeneous reservoirs and ( ) is for naturally fractured reservoirs.
In order to consider the fracture conductivity, we use the results of Riley [21] here. The source function for the hydraulic fracture considering the fracture conductivity can be written by
where ( ) is the finite-conductivity function for the th fracture.
Here we consider a MFHW with hydraulic fractures. Both block 1 and block 2 have nf /2 hydraulic fractures. Writing (2) at the center of all fractures and interface segments shown in Figure 2 yields the following set of 18 × 2 + linear equations which contain 2 × (18 × 2 + ) unknowns, , , , : 
The pressure of different blocks for the same interfaces is equal and the flux of interfaces is continuous. Taking block 1 and block 2 as an example, 
Ignoring the pressure depletion along the horizontal wellbore, the pressure of each fracture is approximately the same which is equal to the pressure of horizontal wellbore. Then we can have nf additional equations:
The sum of the flux of each fracture is equal to the well production rate:
The linear system defined by (7)- (15) now has 18 + + 1 equations with 18 + + 1 unknowns.
= .
(
Eq. (16) can be solved by Gaussian elimination method. By solving (16) , the instantaneous flux of each fracture and the wellbore pressure of MFHW with SRV in a rectangular tight oil reservoir with constant rate condition can be obtained. The whole workflow is shown in Figure 3 . Here we take a MFHW with four fractures as an example and , , are shown in Appendix.
Comparison and Validation
In order to verify the accuracy of proposed model, we compare the results of semianalytical model with that of analytical model and trilinear flow model. Wang et al. [6] presented an analytical model for a MFHW in rectangular reservoirs by using the source function method and the principle of superposition. Ozkan et al. [8] utilized a trilinear flow model to study the MFHWs performance in unconventional reservoirs. Restricted by the models, neither analytical model nor trilinear flow model can simulate the SRV region accurately. For convenience of presentation and brevity, a relatively simple case which consists of a MFHW in a homogeneous rectangular reservoir is considered. By letting the properties of SRV and unstimulated region be equal, the model can be simplified. The calculated results are shown in Table 1 and plotted in Figure 4 . From Figure 4 we can see that the results of semianalytical solution show a good fitting performance with the analytical solution for the same problem. The comparison between semianalytical To access the accuracy of semianalytical model of MFHW with SRV in tight oil reservoir, a case is evaluated to investigate the pressure responses by using the commercial software Eclipse. The basic parameters are presented in Table 2 . The reservoir block of 90 × 21 × 1 is simulated with no flow boundaries. The enhanced region contains 44 × 13 × 1 blocks which is shown in Figure 5 . The horizontal well is located in center of reservoir horizontally and vertically to produce the oil effectively. Four hydraulic fractures are modeled with LGR technique to formulate thin blocks assigned with the properties of hydraulic fractures. Reservoir is fully penetrated by hydraulic fractures. Hydraulic fracture properties are assumed to be constant along the fracture. The flowing fluid is assumed to be single phase oil. Reservoir simulator is computed for 40 years of production with constant oil rate 30 m 3 /D. The comparison results are shown in Figure 6 . From the comparison results, it is shown that the agreements of the semianalytical solution and numerical solution are excellent.
Results and Discussion
Flow Regimes.
The dimensionless pressure and pressure derivative type curves for a MFHW with SRV are plotted in Figure 7 . As shown in Figure 7 , seven flow stages can be identified. (1) Bilinear flow between the hydraulic fractures and induced fractures: In this stage, the pressure derivative curve has a straight line with slope equal to 1/4. Fluid flows through hydraulic fractures to wellbore and from induced fractures to hydraulic fractures simultaneously. This stage could be identified only if the fracture conductivity is relatively low.
(2) Linear flow near the hydraulic fractures: During this period, each fracture produces independently. The pressure and pressure derivative curves are both straight lines with slope equal to 1/2.
(3) Interporosity flow between the induced fractures and matrix: In this stage, the fluid flows from the matrix system to the induced fractures system. The pressure derivative curves show "U" shape.
(4) Radial flow around the hydraulic fractures: If the pressure derivative curve shows the 1/2 ( is the number of fractures), the radial flow region will be observed. In this stage, radial flow occurs directly from the enhanced region to individual fractures.
(5) Transition flow near the enhanced region boundaries (Interporosity flow between the enhanced region and unstimulated region): In this region, the permeability of enhanced region is higher than that of the unstimulated region. The fluid in the enhanced region can reach the wellbore quickly; however, the formation in the unstimulated region can not provide enough fluid supply. The pressure derivative curves rise up which shows the similar characteristics of the weak supply or closed boundary flow.
(6) Mid-linear flow around the horizontal well: Compared to the transition flow, the slopes of both pressure and pressure derivative curves are relatively small. Fluid flows from the unstimulated region to the enhanced region. (7) Pseudo steady flow: The segment has a unit slope straight line on both pressure and pressure derivative curves. This flow period occurs when the pressure wave reaches the reservoir boundary.
Effect of Sensitive Parameters on Type Curves
Interporosity Flow Factor between the Inner and Outer
Region ( in-out ). Figure 8 shows the effect of interporosity flow factor between the inner and outer region in-out on the type curves. in-out is the mobility ratio between the inner and outer region. In Figure 8 (a) we can see that the interporosity flow factor between the inner and outer region can affect all the flow regimes. With the increase of in-out , the dimensionless pressure and pressure derivative decrease as a whole. It can be seen from the dimensionless pressure derivative curves that when the mobility between the inner and outer region is the same ( in-out = 1) it will not create transition flow, but, instead, mid-linear flow. When the effect of hydraulic fracturing is good, the permeability of induced fractures system in the inner region is far higher than that of the formation in the outer region. The fluid in the inner region can reach the wellbore quickly; however, the formation in the outer region can not provide enough fluid supply. The pressure derivative curves rise up which shows the similar characteristics of the weak supply or closed boundary flow. The time of radial flow period in the region with higher mobility is shorter than that with lower mobility. It is known that radial flow can cause large pressure depletion under the same rate, and thus it is better to increase the scale of hydraulic fracturing as much as possible to improve the mobility of the inner region. Figures 8(b) and 8(c) show that the flux of fracture at the edge is higher than that at the center. This is because the fracture at the edge has a bigger drainage area. The time of transition flow in the region with higher mobility is shorter than that with lower mobility and the time of mid-linear flow in the region with higher mobility is longer than that with lower mobility. The larger the in-out , the greater the differences between the flux of fracture at the edge and center and between the flux of different interfaces.
Hydraulic Fracturing Degree (Storage Ratio -and Interporosity Flow Factor
-). Figure 9 shows that the storage ratio -and interporosity flow factor -affect the degree and time of interporosity flow between induced fractures system and matrix, respectively. Small -means that the difference between the storage capacity of induced fractures system and matrix is great. Most of the fluid is stored in the matrix rather than the induced fractures system and the interporosity flow behaves more obviously. The dimensionless pressure derivative curve sinks down at the intermediate time.
-reflects the ability of the fluid to flow from the matrix to the induced fractures system. The larger the -is, the earlier the interporosity flow will happen. Therefore, increasing the degree of hydraulic fracturing is beneficial to the production. Figures 10-11 show the effects of size and shape of SRV on type curves. It can be seen from Figures 10-11 that both the size and shape of SRV will affect the radial flow and transition flow. A small size of SRV will shorten the time of radial flow and make transition flow occur early. Comparing with the three models presented in Figure 10 (a), we can see that with the size of SRV increasing, the increasing trend of dimensionless pressure gradually slows down. This is mainly because the reserves controlled by a single well are very limited, and there is no sense in increasing the stimulated reservoir volume without limitation. At the same time, increasing the size of SRV will also increase the difficulty and cost of fracturing. From Figure 10 (b) we can see that the larger the size of SRV, the greater the fracture flux difference between the edge and center. As shown in Figure 11 , the dimensionless pressure with square shape of SRV is higher than that with rectangular one, which means that the square shape of SRV will cause a small pressure depletion under the same rate. In addition, with the increase of length-width ratio of SRV, both the dimensionless pressure and the fracture flux difference between the edge and center increase. It is because in the early period the flow only occurs in the hydraulic fractures and induced fractures near the horizontal wellbore which is not influenced by the shape of SRV. With the process of production, the pressure wave spreads to the edges of enhanced region, and the producing degree of formation with larger effective stimulated reservoir volume is much higher. Therefore, not only the size but also the shape of SRV should be taken into account in the fracturing design. Figure 12 shows the effect of fracture distribution on type curves. As shown in Figure 12 , the fracture distribution can mainly affect the flow characteristics of radial flow and transition flow. With the increase of fracture distribution heterogeneity, the pressure depletion becomes large. This is because the drainage area of each fracture is relatively small. If the fractures are very close to the enhanced region boundaries, second radial flow will occur once the pressure wave spreads to the nearest boundaries, and second transition flow will happen after the pressure wave spreads to the far boundaries. Therefore, it is necessary to make the hydraulic fractures distribute uniformly as far as possible.
The Size and Shape of Stimulated Reservoir Volume.
Fracture Distribution.
4.2.5.
Fracture Conductivity. Figure 13 shows the effect of fracture conductivity on type curves. From the pressure derivative curves we can see that the fracture conductivity mainly affects flow characteristics of bilinear flow, linear flow, and interporosity flow. Due to the high fracture conductivity, the pressure gradient near the hydraulic fracture is high. Fluid flows quickly from the induced fractures into the hydraulic fractures, which makes the linear flow and interporosity flow occur early. Figure 14 , the fracture length can affect bilinear flow, linear flow, interporosity flow, and radial flow. With the increase of fracture length, the dimensionless pressure and pressure derivative decrease gradually. On the contrary to the conventional reservoirs, the effect of fracture length is greater than that of fracture conductivity on the MFHWs with SRV in tight oil reservoirs. As the fracture length increases, more and more induced fractures in the enhanced region are connected with hydraulic fractures effectively, which can form a larger supply area and improve the overall yield. Longer fracture length will increase the time of interporosity flow and shorten the time of radial flow. In conventional fractured reservoirs, the fracture conductivity is dominant, whereas in volume fractured tight oil reservoirs the effect of fracture length is contrary to normal expectation. Therefore, in order to achieve the desired effect of volume fracturing design, a suitable length of the artificial hydraulic fractures should also be ensured. 
Fracture Length. As shown in
Models:
(1) 
Field Applications
Type curve matching is an effective way to evaluate the parameters of reservoir and fracture. The specific processes are presented as follows.
Step 1. Plot the curve of dimensionless pressure ( ) values versus test time ( ) on a log-log graph.
Step 2. Obtain the best match of the data with one of type curves.
Step 3. Read a point (e.g., , , ) from the matched type curve. By using the defined equations of dimensionless parameter in (17)- (20), the reservoir and fracture parameters can be calculated.
= √ 3.6 , Well is a horizontal well with 38 hydraulic fractures in Bakken formation in the Williston Basin. The length of well is approximately 2926.08 m. Since hydraulic fracturing methods with a high number of stages have not been widely used so far, the production history of well is shorter than two years. The type curve matching plot is shown in Figure 15 . From Figure 15 we can see that the pressure derivative curve starts to bend in the transition flow period; however, it could not be seen by using the traditional model without SRV. The calculation processes are presented as follows:
Reservoir Data 
Step 1 (23)
Step 2. Calculate (the half length of hydraulic fracture) from (18) 
Step 3. Calculate (the permeability of hydraulic fracture) from (19): 
Conclusions
A practical semianalytical model is proposed for MFHWs with SRV in tight oil reservoirs and transient pressure and pressure derivative curves are also established. The principal contributions in our work are summarized below:
(1) Using the source function the semianalytical model can easily consider the nonlinear flow around hydraulic fracture tips and accurately describe the flow characteristics of MFHWs with SRV in tight oil reservoirs.
(2) Seven possible characteristic flow periods can be identified based on the type curves of MFHWs with SRV in tight oil reservoir: (1) bilinear flow; (2) linear flow; (3) interporosity flow; (4) radial flow; (5) transition flow; (6) mid-linear flow; (7) pseudo steady flow.
(3) The effects of relevant parameters on type curves including interporosity flow factor between inner and outer region, hydraulic fracturing degree, size and shape of SRV, fracture distribution, fracture conductivity, and fracture length are also analyzed.
(4) Analysis results reveal that when the mobility of inner region is higher than that of outer region, transition flow occurs. The larger the size and degree of SRV are, the better the development is. When the size of SRV is constant, the producing degree of reservoir with large effective stimulated reservoir volume is higher. It is better to make the hydraulic fractures distribute uniformly so as to increase the drainage area of each hydraulic fracture as far as possible. Compared to the conventional fracturing, the development effect of volume fracturing is influenced by the length of main fracture rather than the conductivity.
(5) In the field applications, traditional models such as analytical, multilinear models could not predict pressure response characteristics in the interporosity flow period between the enhanced region and unstimulated region accurately. The semianalytical model in this paper can be used to provide more accurate dynamic parameters which are important for efficient reservoir development.
Solution of the Linear System of Equations
The linear system in (7)- (15) 
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